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Through the experiment data analysis in the large helical device (LHD), the influence of the global
MHD instability and the relatively short wave length MHD instabilities driven turbulence on the
confinement performance in reactor-relevant high-beta helical plasmas is studied. The comparison of
the energy confinement time between just before global MHD instability disappears and after that,
and the estimation of the saturated mode structure by the multi-channel soft x-ray measurement
enable us to quantitatively estimate the influence of the global interchange type MHD instability
with different saturated mode structures on the confinement performance. According to the
comparison between thermal conductivities in experiments and those predicted by theoretical
transport models, the transport properties in the peripheral region of high beta LHD plasmas are
quite similar with anomalous transport model based on an interchange type MHD instability driven
turbulence, and that result is supported by the dependence of the density fluctuation with relatively
short wave length on beta value.VC 2011 American Institute of Physics. [doi:10.1063/1.3592675]
I. INTRODUCTION
The Large Helical Device (LHD)1 is a heliotron device,2
which is a helical type toroidal magnetic plasma confinement
system and a probable candidate as the thermonuclear fusion
reactor under the steady-state operation because it can con-
fine plasma with only external coils. The heliotron device is
characterized as the relatively week magnetic shear and hill
(sometimes magnetic well) in the core and the relatively
strong shear and hill in the periphery. The Heliotron-E,3,4 the
Heliotron-DR,5 the ATF,6 the CHS;7 in addition to the LHD
are categorized in the heliotron device. In those devices, the
interchange type MHD instabilities are considered to play an
important role in the confinement properties due to the mag-
netic hill. The effects of the interchange type MHD instabil-
ities have been studied well. According to the early
researches, the interchange type instabilities induce sawtooth
oscillations and internal disruptions,8,9 and the instabilities
would affect the achieved beta values.5,10
Also in the LHD experiments, we have studied the
effects of the interchange type instabilities. In the relatively
low-beta discharges, the pressure gradients around the core
low-order rational surface are limited, and its upper bound-
ary is consistent with the limitation by the ideal MHD insta-
bility.11 And a beta collapse and the recover of the
confinement performance are observed in the unfavorable
configuration with the fairly high magnetic hill due to the
interchange type instability.12,13 The collapse resembles the
internal disruption phenomena in the Heliotron-E, and the
instabilities radial mode width is predicted quite large accord-
ing to a linear stability analysis.14 In the LHD experiment to
extend the beta regime to the reactor-relevant high-beta plas-
mas, the increase of the neutral beam injection (NBI) heating
power and=or the optimization of the magnetic configuration
enable the production and the maintainment of the 5% volume
averaged toroidal beta value for long time with 100 times of
the energy confinement time without disruptive phenomena.15
During the globally stable, long-sustainment phase, the low-
order magnetic fluctuations resonated with the peripheral
rational surfaces, where the magnetic hill configuration per-
sists even in high-beta regimes, have been observed. On the
contrary, the fluctuation resonated with the core surfaces is
not observed where the magnetic well is formed in high-beta
regimes.16 The fluctuation level resonated with the peripheral
surfaces increases as the beta increases and the magnetic
Reynolds number, S, decreases. The experimentally observed
dependence on these two parameters is similar to the theoreti-
cal prediction by a linear theory of the resistive interchange
mode.17 On the effects of the fluctuations on the confinement,
the fine local flattening structures around the peripheral
rational surfaces in the temperature profiles are observed to-
gether with the low-order fluctuations. Then the fluctuations
may cause the degradation of the plasma performance. How-
ever, the quantitative influence has not been clear. According
to a linear stability analysis, the instabilities radial mode width
is predicted fairly narrow.14,18 And there is no consistent pre-
diction of the instabilities effects on the confinement based on
the non-linear stability analysis with the experiment results.
As mentioned above, the radial mode width, which strongly
sensitive to S in addition to the shear and the hill parameters,
would be the very important key parameter against theb)Invited speaker. Electronic mail: kiyowata@LHD.nifs.ac.jp.
a)Paper DI3 2, Bull. Am. Phys. Soc. 55, 104 (2010).
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apparent effect of the global MHD instabilities on the plasma
confinement like the collapse.14 However, the effects of the
global MHD instabilities with the narrow radial mode width
on the confinement performance, which would be very impor-
tant to predict more accurately the influence of the instability
in the helical reactor plasmas, have not been quantitatively
identified yet.
Moreover, a gradual degradation of the confinement per-
formance is observed as the beta value increases. Figure 1
shows the normalized global energy confinement time by the
ISS04 empirical scaling19 as the function of hbi. Here, the
normalized one is defined as an improvement factor, HISS04,
and hbi is a volume averaged beta value based on the dia-
magnetic measurements.18 According to our previous
research,20 it looks that the degradation of the global energy
confinement time scaling can be explained by taking the
renormalization factor induced in the newer empirical global
energy confinement scaling (ISS04),19 which is reflected to
the difference of geometrical effects like magnetic configura-
tions except for an averaged rotational transform value
(especially difference of magnetic axis positions in LHD),
into account. However, according to local thermal transport
analysis taking the geometrical effects into account,20 the
degradation of the thermal transport property is observed in
the peripheral region as the beta increases in LHD. As a
probable candidate which can explain the above result, an
anomalous transport model based on a pressure driven MHD
instability turbulence is considered in LHD.
In this paper, the influence of the global MHD instability
and the relatively short wave length MHD instabilities driven
turbulence on the confinement performance in the reactor-
relevant high-beta helical plasmas is studied. In order to
quantitatively evaluate the influence of the global MHD insta-
bility on the confinement performance, we compare the
energy confinement time between just before global MHD
instability disappears and after that, and discuss the relation-
ship between the gradation level of confinement performance
and the saturated internal structure of the MHD fluctuation
estimated by the multi-channel soft x-ray (SXR) measure-
ment.21 Here, we concentrate our attention on the edge
resonant m¼ 1=n¼ 1 mode, where m and n are the poloidal
and toroidal mode numbers of the MHD instability, respec-
tively, because the m=n¼ 1=1 magnetic fluctuations are
observed in the almost whole LHD high-beta discharges, their
radial mode width is theoretically predicted larger than the
pressure driven MHD instabilities with shorter poloidal wave
length, the situation of which is favorable to measure the
instability’s saturated mode structure. And, in order to con-
firm the effect of the MHD instabilities driven turbulence on
the confinement performance, we make a comparative analy-
sis between the experimental thermal conductivities and the
theoretically predicted ones based on the resistive interchange
MHD instability driven turbulence for the discharges with
different geometrical parameters as the magnetic shear and
the magnetic curvature and different magnetic Reynolds num-
ber because the MHD driven turbulence are predicted
strongly sensitive to the above parameters.
II. EXPERIMENTAL ARRANGEMENTAND DATA
ANALYSIS
The LHD is a heliotron device with a pair of helical
coils and three pairs of poloidal coils. All of the coils are
superconducting. The typical configuration parameters of the
discharges analyzed in this paper are as follows: the major
radius is 3.75 m, the plasma shape in the poloidal cross-
section is elliptical, and the length of the major axis is 0.8
m and the minor axis is 1.6 m, the central and the edge val-
ues of the rotational transform are 0.4 and 1.5, respec-
tively, and the magnetic shear is strong in the periphery.22
In the present study, we will characterize the m¼ 1=n¼ 1
mode by three parameters: (1) magnetic fluctuation level at a
resonant surface, (2) radial mode width of the local radial dis-
placement (full width at half maximum (FWHM)) evaluated
by the SXR fluctuation intensity, and (3) maximum amplitude
of the radial displacement by the SXR measurement. The
details of the definitions of these three parameters are as fol-
lows. The m¼ 1=n¼ 1 magnetic fluctuation signals were
measured with an array of magnetic probes set on the inner
surface of the vacuum vessel. In the present experiment, the
m¼ 1=n¼ 1 MHD instability is rotating both toroidally and
poloidally at a frequency of several kHz. We have defined the
magnetic fluctuation level at the resonant magnetic surface,
i¼ 1, as follows. Here i is the rotational transform. A current
sheet was assumed on the m¼ 1=n¼ 1 resonant surface and
its amplitude was determined such that the magnetic fluctua-
tion amplitude (due to the current sheet) agreed with the ex-
perimental value at the inner surface of the vacuum vessel.
The magnetic fluctuation amplitude (root-mean-square ampli-
tude) at the resonant surface, b11, was then calculated and nor-
malized to the toroidally averaged magnetic field strength
along the magnetic axis [operational magnetic strength], B0.
The normalized amplitude b11=B0 is called the magnetic fluc-
tuation level. It should be noted that the current sheet model
does not necessarily apply to the pressure-driven interchange
mode. However, we will use the current sheet model as a ref-
erence model which connects the edge magnetic fluctuation
amplitude and saturated internal mode structure, that is, mode
amplitude and radial width of the mode.
FIG. 1. The normalized global confinement time by an empirical scaling
ISS04 as a function of hbi for RaxV¼ 3.6 m, Ap¼ 6.7 configurations.
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A multi-chord measurement of SXR emission intensity
ISX was performed using two arrays of silicon PIN photodio-
des,21 whose vertical sight lines are located in a poloidal
cross-section with the vertically elongated plasma shape.
The total number of observation chords is 20 for each array,
one from torus-outboard side and the other from torus-
inboard side. The sampling space is 30 mm on the major
radius at the equatorial plane, which corresponds to 7% of
the plasma minor radius on the projected equatorial plane in
the vertically elongated cross-section. And the spatial resolu-
tion of each SXR array is 30 mm due to the aperture of the
sightlines. It should be noted that the radial profiles of a ra-
dial displacement, nr, of the m¼ 1=n¼ 1 mode are modelled
by the following gaussian function:
nr ¼ Aexp
qqresð Þ2
D

ap
 2
 !
sin xt mh n/ð Þð Þ: And nr
ap
 diSX
diSX=dq
: (1)
Here A, qres, and D are the parameters to fit the line-inte-
grated signal, which correspond to the amplitude, the maxi-
mum location, and the radial mode width of radial
displacement, respectively. q, ap, x, h, and / are the normal-
ized minor radius, the plasma minor radius, the fluctuation
frequency, the poloidal angle, and the toroidal angle, respec-
tively. And diSX and i
-
SX are the local value of the fluctuation
amplitude and DC component of the SXR signal. The DC
component of the local SXR signal is evaluated by the Abel
inversion methods. Filled symbols in Figs. 2(a) and 2(b)
show the typical profiles of the line-integrated DC compo-
nent and fluctuation of the SXR signals of the m=n¼ 1=1
instability mode for the torus inside array are plotted as the
function of the major radius, which corresponds to the cross-
ing point between SXR sightlines and the equatorial plane,
respectively. Both signals are normalized by the maximum
value of the DC component of the line integrated SXR sig-
nals. Figure 2(c) shows the local DC component of the SXR
profile evaluated by Abel inversion method (dashed line) and
the radial profile of the best fitted radial displacement (solid
line) based on Eq. (1). Here, the local DC component of the
SXR profile is normalized by its maximum value. The solid
lines in Figs. 2(a) and 2(b) correspond to the line integrated
value of the Abel inversed SXR DC component and the best
fitted radial displacement, respectively. The good agreement
between the fitted variable and its integral indicates that we
can identify correspondence between the radial width of the
mode and the saturated structure of SXR fluctuation profile.
It should be noticed that 15% of the FWHM normalized by
the minor radius in the line averaged fluctuation, D1=2=ap,
corresponds to 6% of that in the radial displacement, D=ap.
Estimation of the global confinement property was carried
out with the help of ISS04 empirical confinement scaling. As
for the plasma b value, the experimental hbi from the diamag-
netic measurement was compared with the b value from the
ISS04 scaling value. The similar comparison has also been car-
ried out for the H factor as follows. The H factor was estimated
by two steps using ISS04 scaling: one estimated from plasma
parameters at a time when the m¼ 1=n¼ 1 mode is absent at
t¼ **s and the other estimated from instantaneous plasma pa-
rameters before or after disappearance of the m¼ 1=n¼ 1
mode. The ratio HISS04=HISS04at**s is used as a measure of the
change in confinement properties brought about by the
m¼ 1=n¼ 1 mode.
The experimental thermal conductivity used in Sec. V is
the so-called effective one, veff, which is evaluated under the
assumption that the electron temperature is exactly same
with ion temperature, and it is defined as the average of the
ion thermal conductivity and the electron thermal conductiv-
ity, veff¼ (vefþvi)=2. Here, the veff is evaluated by the power
balance equation. The all analyzed plasmas are maintained
by the tangentially injected NB (neutral beam), the power
deposition profiles of which are calculated by a 3-D Monte
Carlo simulation code.23 In this calculation, the powers of
the particles which go outside of the last closed flux surface
within some rotations in the poloidal direction are treated as
the heating power loss. The NBI deposition profiles include
the broadening from the birth profiles due to the finite-orbit
effect. The electron temperature profiles are measured by
Thomson scattering system with more than 100 locations in
the radial direction.24 The electron density profiles are meas-
ured by the FIR system with 11 sight-lines as the line
FIG. 2. (Color online) Symbols in (a) and (b) are the line-averaged DC com-
ponent and fluctuation of the SXR signals of the m=n¼ 1=1 instability mode
for the torus inside array are plotted as the function of the major radius.
(c) Local DC component of SXR profile evaluated by Abel inversion method
(dashed line) and radial profile of the best fitted radial displacement (solid
line). Lines in (a) and (b) are the line-averaged value of (c).
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integrated values, and the radial profile is estimated by the
Abel inversion method.25 Here, we assume the simple plas-
mas with one species ions and the electrons.
III. CHARACTERISTICS OF THE MARGINAL STABLE
DISCHARGE FOR GLOBAL MHD INSTABILITY
In order to identify the direct effect of the global MHD
instability on the confinement performance, we study the
confinement properties of marginally stable discharges. An
example of waveforms in a discharge where the edge reso-
nant m¼ 1=n¼ 1 mode appears and disappears are shown in
Fig. 3. We obtain this type of discharge by inducing an
impurity gas-puffing and the changing magnetic configura-
tion. These procedures lead to the changing the magnetic
Reynolds number, the pressure gradient, the magnetic shear,
and the magnetic hill height around the resonant surface.
Then, we obtain the marginal unstable discharges for global
MHD instability with even around beta equal about 1% and
almost same level of magnetic fluctuation amplitude with
5% volume averaged beta discharges. In such discharges, the
m¼ 1=n¼ 1 magnetic fluctuation appears, or excited fluctua-
tion disappears, in a single discharge. The magnetic fluctua-
tion behaviour is an indication that the discharge is
marginally stable or unstable to the m¼ 1=n¼ 1 mode, and
the change in plasma performance associated with appear-
ance or disappearance can be regarded as a direct effect of
the mode. The internal structure of the saturated mode is
studied with SXR fluctuation intensity profile and electron
temperature profile by Thomson scattering. Figure 3(a)
shows the time evolutions of the hbi, the line averaged elec-
tron density and the NBI port-through power. The beta value
is obtained from the diamagnetic measurement. Figure 3(b)
shows time evolution of the coherence of the magnetic fluc-
tuation as a function of the frequency. The white region cor-
responds to the existence of the coherent modes. Before
t¼ 1.9 s, the strong coherent modes are observed in 1.7
kHz, 3.5 kHz, 5 kHz, and so on, which correspond to
m=n¼ 1=1, 2=2, 3=3, ... according to the mode analysis with
the magnetic probe arrays. Here, it should be noted that the
power spectrum of m=n¼ 1=1 mode is much larger by one
order than those of the other modes. The abrupt increase
(recovery) of hbi is observed when the coherent magnetic
fluctuations disappear at t¼1.9 s. The dashed line corre-
sponds to the predicted beta value to keep the same confine-
ment property based on the ISS04 scaling as that before
the MHD activity disappears. From Fig. 3(a), the plasma
confinement property is degraded by 5% in the plasma stored
energy due to the existence of the coherent magnetic
fluctuation.
From the above effect of the MHD fluctuation on the
plasma confinement property, it is essential to obtain the
relationship between the internal structure of the saturated
mode and its effect on plasma confinement. The saturated
mode structure before the disappearance of the m¼ 1=n¼ 1
magnetic fluctuation is obtained from the SXR fluctuation.
Figure 4(a) shows the major radial profiles of the rotational
transform and the fluctuation amplitude of the line integrated
SXR emission intensity just before the disappearance of the
1=1 mode shown in Fig. 3, which corresponds to the filled
symbols in Fig. 2(b). Figure 4(b) shows the phase difference
profile, indicating that the fluctuation is odd in poloidal
mode number and that the phase does not change in the
region where the amplitude of SXR fluctuation large. The
latter is similar to the characteristic of the linearly predicted
interchange instability which produces no current sheet on
the resonant surface. From this line integrated SXR fluctua-
tion profile, we can define the line-integrated mode width
D1=2 as the FWHM from the torus-inboard profile. As
described in Sec. II, in this case, the radial mode width of the
local radial displacement normalized to ap is 6%, which is
quite narrower than the normalized line-integrated mode
width D1=2. The maximum amplitude of the radial displace-
ment normalized by the plasma minor radius is 4% as
shown in Fig. 2(c).
FIG. 3. (Color online) An example of a LHD discharge analyzed in the pres-
ent study. The magnetic fluctuation due to low-order m¼ 1=n¼ 1 peripheral
MHD mode disappears during the discharge, the disappearance being
accompanied by the recovery of confinement properties.
FIG. 4. (Color online) Major radial profiles of the rotational transform and
SXR amplitude (a) and phase (b) coherent with the m¼ 1=n¼ 1 magnetic
fluctuation at t¼ 1.8 s in Fig. 3.
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IV. INTERNAL STRUCTURE OF GLOBAL MHD
INSTABILITYAND ITS EFFECTS ON CONFINEMENT
We will describe the dependence of plasma performance
on magnetic fluctuation and SXR fluctuation, and discuss
what parameters of SXR fluctuation amplitude is a good
index to characterize the improvement or degradation of the
plasma performance.
In Fig. 5, three different discharges are shown to see the
dependence of confinement degradation evaluated from the
time evolution of the normalized HISS04 factor. In Fig. 5(a),
where the magnetic fluctuation level is 0.008%, the appear-
ance of the m¼ 1=n¼ 1 mode at t¼ 2.69 s does not cause any
degradation of the H factor. When the magnetic fluctuation
level is 0.04%, as shown in Fig. 5(b), the H factor is
degraded by 5% as the mode appears. In this case, the total
magnetic field intensity B0 is 1.375 T, lower than the case in
Fig. 5(a) with B0 of 1.75 T. And hbi in Fig. 5(b) is 0.5%,
lower than the case in Fig. 5(a) with hbi 1%. In Fig. 5(c),
the m¼ 1=n¼ 1 mode brings the further degradation, up to
10%. In this case, the magnetic fluctuation level is almost the
same as in Fig. 5(b), but with lower B0 of 0.9 T and higher
hbi 1%. In Fig. 6, the radial profiles of the line-integrated
SXR fluctuation amplitude are shown in the three cases in
Fig. 5. Here, it should be noted the fluctuation amplitude are
normalized by the maximum of the DC component of the line
integrated SXR signal. The operational magnetic field
strength, B0 is chosen as a parameter to distinguish discharges
in this figure. In all cases, the line-integrated mode widths
D1=2 are almost same. On the contrary, as the maximum of the
normalized fluctuation amplitude intensities are larger, the
degradation levels of the confinement performance are larger.
Next, we evaluate the saturated instability mode structures
with the mode width and the mode amplitude as shown in
Sec. II. In the case of B0¼ 0.9 T, the normalized mode width
is 6% and the maximum intensity of the normalized radial
displacement is 4%. Figure 7 shows the summary of the
relationships between the saturated internal mode structures as
characterized by the mode width and the amplitude maximum
of the radial displacement. Figure 7 suggests that amplitude
maximum of saturated radial displacement is strongly related
with degradation level of confinement performance due to the
low-n instability. The m¼ 1=n¼ 1 mode amplitude is a good
index to characterize the effect of the mode on the degree of
confinement degradation.
Here we discuss how the internal electron temperature
profile changes when the confinement property is degraded. In
Fig. 8, we compare the radial profiles of decrement in electron
temperature caused by the presence of the m¼ 1=n¼ 1 mode
FIG. 5. (Color online) Time evolution of the m¼ 1=n¼ 1 magnetic fluctua-
tion level normalized by operational magnetic field strength B0 and the con-
finement performance based on the ISS04 empirical global energy
confinement time scaling.
FIG. 6. (Color online) Line averaged SXR fluctuation profiles normalized
by the DC maximum of the line averaged SXR signals for various opera-
tional magnetic field strength B0.
FIG. 7. (Color online) Degradation level of confinement performance based
on the ISS04 empirical scaling versus amplitude maximum and mode width
of radial displacement.
056119-5 Effect of pressure-driven MHD instabilities on confinement Phys. Plasmas 18, 056119 (2011)
Downloaded 09 Sep 2012 to 133.75.110.124. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions
in the case of B0¼ 0.9 T. In this case the m¼ 1=n¼ 1 mode
with the amplitude maximum of the radial displacement nor-
malized by the plasma minor radius of 6% and the magnetic
fluctuation level of 0.04% disappears at t¼ 1.9 s. The time
averaged electron temperature profiles well before the disap-
pearance (t¼ 1.8–1.87 s) are compared with the profile just af-
ter the disappearance (t¼ 1.9 s) of the m¼ 1=n¼ 1 mode, and
the differences by the electron temperature without the
m=n¼ 1=1 instability are plotted. The result shows that the
decrease in electron temperature is restricted to the peripheral
region where the m¼ 1=n¼ 1 mode amplitude has substantial
value, and the decrease in the hot core region is not observed.
Then, for the m¼ 1=n¼ 1 instability, the amplitude maximum
of radial displacement of less than 4%, the instability does not
have influence in the hot core region.
V. EFFECT OF THE PRESSURE DRIVEN MHD
INSTABILITY DRIVEN TURBULENCE ON THE
TRANSPORT
As shown in Sec. I, a gradual degradation of global con-
finement performance is observed as the beta value increases
in LHD. Here we focus the study of the peripheral thermal
transport property because it affects a large effect on the
global energy confinement. Figure 9 shows the dependence
of the normalized thermal conductivity, veff=vGB, by the
Gyro-Bohm (GB) model in the peripheral region on the beta
value for the Ap¼ 6.2 configuration, the achieved highest
beta value in which is 4.5%. It should be noted that the GB
model has the similar property of ISS04 empirical confine-
ment scaling,19 and it is proportional to b0. In the low-beta
regime, the veff=vGB is insensitive to the beta value as shown
in Fig. 9. In the high-beta regime, veff=vGB looks propor-
tional to b1.26 The thin solid line in Fig. 9 denotes the b1
dependence.
As the transport model proportional to b1, the MHD
driven turbulence model is known. Here as a MHD driven
turbulence model, we introduce the anomalous transport
model based on the resistive interchange turbulence (g-mode
turbulence, GMT) proposed by Carreras and Diamond.17
The thermal conductivity of the GMT model are written as
the following:
vGMTe /
q
s^
 7
3
jnR0ð Þ
4
3
aeff
R0
bR0
Lp
 4
3
S
2
3vTeaeff (2)
or
vGMTe / GGMTeb1p0:67q0:33vB: (3)
Here, GGMTe is defined as a geometric factor, which
increases with the bad curvature and decreases the magnetic
shear, and vB is the thermal conductivity of Bohm model. In
the peripheral region of heliotron devices as LHD, the resis-
tive interchange is always unstable due to the magnetic hill
configuration.
In order to study the GMT on the confinement properties
in high-beta LHD plasmas, we analyze the confinement prop-
erty in 2 configurations with different magnetic hill height and
compare between the experimental thermal conductivities and
those predicted by the GMT model. Figure 10 shows the beta
dependence of the geometric factor, GGMTe, in Eq. (3) for the
Ap¼ 6.2 and 8.3 configurations. In the wide range of the beta
regime, the level of the GGMTe in Ap¼ 8.3 is larger by 2
times than that in Ap¼ 6.2 dominantly due to the large level
of the magnetic curvature. Figure 11 shows the dependence of
the normalized thermal conductivity, veff=vGB, by the GB
model in the peripheral region on the beta value for the
Ap¼ 8.3 configuration. For Ap¼ 8.3 configuration discharges,
the data points with hbi <1% are a few, and the normalized
thermal conductivity by GB model increases in the whole beta
FIG. 8. (Color online) Radial profile of decrement in electron temperature
associated with the presence of the 1=1 mode.
FIG. 9. Normalized thermal conductivities at q¼ 0.9 on the beta value in
the Ap¼ 6.2 configurations. vGB denotes the gyro-Bohm model.
FIG. 10. (Color online) Dependence of geometric factor of GMT anomalous
transport model on hbi for the Ap¼ 6.3 and 8.2 configurations.
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region as the beta increases. Here the thin solid line denotes
the b1 dependence.
Now we compare between the experimental thermal
conductivities and an anomalous transport model based on
the GMT.17 Figure 12 shows the experimental thermal con-
ductivities normalized by the GMT model, veff=vGMTe, as a
function of hbi. Here, we focus on the peripheral region,
q¼ 0.9 Figures 12(a) and 12(b) correspond to the Ap¼ 6.2
and 8.3 configurations, respectively. And the thin lines
denote the b0 dependence. In Fig. 12(a), veff=vGMTe in the
beta range of hbi <1% is quit large, which occurs because
there the effect of the GMT is quite small. In the beta range
of hbi >1%, the beta dependence of the veff looks consistent
with the GMT model. As shown in Fig. 12(b), the beta de-
pendence of the veff looks also consistent with the GMT
model in the higher magnetic hill configuration though the
dispersion of veff=vGMTe is fairly large. Figure 13 shows that
the dependence of the normalized beta gradient and the mag-
netic Reynolds number on hbi in the Ap¼ 6.2 and the
Ap¼ 8.3 configurations. Here the plotted data is exact same
with those in Figs. 9, 11, and 12. Both the beta gradient and
the Reynolds number are the key parameters in the GMT
models shown in Eq. (2). The magnetic Reynolds number in
the Ap¼ 8.3 configuration discharges are much lower by one
order than that in Ap¼ 6.2 for the same beta value. On the
contrary, the beta gradients in the both cases at the same beta
are almost same. The difference of the magnetic Reynolds
number between the Ap¼ 6.2 and 8.3 configuration dis-
charges leads to the big difference of the absolute value of
the anomalous thermal conductivity based on the GMT.
Nonetheless, the experimental thermal conductivities are
quite consistent with the theoretical one in both different
magnetic configurations and the plasma parameters. Here it
should be noted that at the same hbi (2%), the veff in
Ap¼ 8.3 is larger by 6–7 times than that in Ap¼ 6.2, and that
the magnetic Reynolds number, S (b0.5*1q*2), in
Ap¼ 8.3 is smaller by 10 times than that in Ap¼ 6.2. The
above facts support the probability that the peripheral ther-
mal transport in the reactor-relevant high-beta plasma in
LHD is governed by the GMT.
Another collateral evidence of the probability of the
GMT model is the correlation between the beta dependence
of the density fluctuation with relatively long wave length
(“long” means the comparing with “micro-turbulence.”
When it is compared with “global MHD instabilities,” it is
“short.”) and the normalized thermal conductivity at the
peripheral region by GB model. Figure 14 shows the beta
dependence of the line integrated density fluctuation level
with relatively long wavelength, k> 30 mm (m< 100) and
low frequency (<30 kHz) for the Ap¼ 6.2 configuration dis-
charges on hbi. Here, the line integrated density fluctuation
is measured by the FIR system. The amplitude of the density
FIG. 11. Normalized thermal conductivities at q¼ 0.9 on the beta value in
the Ap¼ 6.2 configurations. vGB denotes the gyro-Bohm model.
FIG. 12. The normalized thermal conductivities at q¼ 0.9 on the beta value.
(a) and (b) correspond to the Ap¼ 6.2 and 8.3 configurations, respectively.
vGMTe denotes a g-mode turbulence model.
FIG. 13. (Color online) Dependence of magnetic Reynolds number, S, and
beta gradient, Rdb=dr as the function of hbi for Ap¼ 6.3 and 8.2
configurations.
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fluctuation is quite small in the low-beta regime with hbi
<1% and it suddenly increases with the beta value in the
beta range of hbi >1%. This behaviour looks synchronized
with that of veff=vGB as shown in Fig. 9. And according to
Ref. 27, the probable poloidal mode number of the turbu-
lence is >10 in the turbulence, which is consistent with the
observation of the density fluctuation. This result would sup-
port that the thermal transport in the peripheral region of the
LHD high-beta plasma is governed by the GMT as the addi-
tional collateral evidence.
Finally, we consider the effect of the GMT on the con-
finement in reactor-relevant plasmas. Figure 15 shows the
contours of the thermal conductivity based on the GMT
model in S-R0db=dr space. The thermal conductivity
becomes large with the decrease of S and increase of
R0db=dr. Especially in high-beta regime, the decrease of S
leads to significant increase of the thermal conductivity. The
operation rage of S-R0db=dr for the data of Fig. 9 is also
shown in Fig. 15. In LHD, the operational beta range is
extended by decreasing the operational magnetic field
strength. Then in LHD high-beta operation, S is small, which
leads to the prediction of large thermal conductivity. Here
we shall consider a fusion reactor.28 Its geometrical factor on
the GMT model, such as magnetic shear and magnetic curva-
ture, and the normalized beta gradient are almost same with
those in present LHD high-beta operations. On the other
hand, the magnetic Reynolds number would be much larger
by 300–400 times than that in the present LHD high-beta
operations because the magnetic field strength would be
larger by around 10 times and the device size would be
larger by 3 times than the present LHD. When S is 300–
400 times larger comparing with present LHD high-beta
operation, the predicted thermal conductivity would be
1 m2=s. For a fusion reactor with LHD like configuration,
the anomalous transport based on the GMT is still important,
but it would not be strong obstacle for the production of the
high performance plasmas.
VI. CONCLUSION AND DISCUSSION
Any disruptive phenomena due to MHD instabilities is
not observed, and only toroidally and poloidally rotating
low-order peripheral resonant instabilities are frequently
observed in the reactor-relevant high-beta LHD discharges.
At the same time, the fine flattening structures in the temper-
ature profiles on the corresponding resonant magnetic surfa-
ces are also measured. It is very important to make clear the
influence of them on the confinement performance for the
design of the helical type reactor. Up to now, the influence
has not been made clear, because in the typical LHD high-
beta operation, we have not measured the internal structures
of the instabilities due to some technical reasons such as for
ECE cut-off density is too low to measure the signal due to
its low operating magnetic field, and for SXR, the density of
the impurity is too low to emit enough.
In this paper, the experimental studies have been carried
out to quantitatively evaluate the effect of the m¼ 1=n¼ 1
peripheral instability on the plasma confinement perform-
ance using the LHD discharges which are marginally stable
or unstable to the m¼ 1=n¼ 1 instability, in the range of
magnetic fluctuation level up to 0.04%. We obtain this type
of discharges by inducing an impurity gas-puffing and
changing magnetic configuration. These procedure leads to
the changing the magnetic Reynolds number, the pressure
gradient, the magnetic shear, and the magnetic hill height
around the resonant surface. Then we obtain the marginal
unstable discharges for the global MHD instability with even
around the beta equal about 1% and almost same level of the
magnetic fluctuation amplitude with 5% volume averaged
beta discharges.The degradation of the confinement perform-
ance is caused by the decreased edge electron temperature
where the resonant surface of the mode exists. We can make
the following quantitative evaluation of the influence in
terms the magnetic fluctuation level and the radial displace-
ment. The rotating m¼ 1=n¼ 1 mode magnetic fluctuation
level of 0.04%, the amplitude maximum of the radial dis-
placement normalized by the plasma minor radius of 4%,
and its mode width of 6% brings about 10% degradation of
confinement performance characterized by the global con-
finement time normalized by the ISS04 empirical scaling. It
was found that the amplitude maximum of the radial dis-
placement estimated by SXR fluctuation profile in the
FIG. 14. The beta dependence of line integrated density fluctuation with the
relatively long wave length measured by FIR.
FIG. 15. The predicted thermal conductivity by the GMT model in S-db=dq
diagram with the experimental data.
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equatorial plane is a good index to characterize the influence
of the global interchange type of MHD instability on the con-
finement performance.
In LHD high-beta discharges, the gradual degradation of
the global energy confinement time normalized by an empiri-
cal scaling ISS95 is observed. It is also very important to
make clear the degradation mechanism for the design of the
helical type reactor. From the comparative analyses between
experimentally obtained thermal conductivities and some
theoretically predictions in the high-beta plasmas, there is
possibility that a theoretical model based on a resistive inter-
change type MHD instability driven turbulence (GMT)
explains the beta dependence of the peripheral thermal con-
ductivity in the high-beta plasmas. This fact is supported by
the similar analyses against other configurations and the
wide range of the magnetic Reynolds number discharges,
and the beta dependence of the observed density fluctuation
amplitude with relatively long wavelength. The GMT model
predicts the thermal conductivity scales to the first power of
the beta value. However, for a fusion reactor with LHD like
configuration, the anomalous transport based on the GMT is
still important, but it would not be strong obstacle for the
production of the high performance plasmas. Because the
anomalous transport based on the GMT strongly depends on
the magnetic Reynolds number, and the value of a reactor is
estimated much larger by 300–400 times than that in the
present LHD high-beta discharges.
According to the development researches of the reactor-
relevant high-beta discharges in heliotron plasmas through
the LHD experiment studies, two approaches to make high-
beta plasmas are proposed.29 One is the standard averaged-
high-beta scenario, which is characterized as that the peaked-
ness of the pressure profile, b0=hbi, is 2, and we consider
in this paper. Here the subscript 0 denotes the center value.
In this scenario, the 5% volume averaged beta discharges are
necessary for the economical fusion reactor. In the LHD
experiments, the high-beta discharges are achieved in an
optimized configuration with the relatively high rotational
transform and magnetic shear, the configuration of which is
characterized as the small Shafranov shift, the strong mag-
netic shear, and the magnetic hill in the periphery. According
to a linear theoretical prediction, the FWHM of the most
unstable mode is about 5% of the plasma minor radius.14,18
The optimized configuration has the low-order rational surfa-
ces in peripheral region with the magnetic hill region. Then,
the study of the interchange type MHD instabilities effect on
the plasma confinement is important as shown in this paper,
which would be useful for the development of the modeling
on the non-linear effects of the interchange MHD instabil-
ities on the confinement.30,31
The other approach to make high-beta plasmas is the
high-central-beta scenario based on so-called “SDC(super
dense core)” plasmas. It is characterized as the much peaked
pressure profile (b0=hbi >3) and the large Shafranov shift,
which is favorable to the particle supply by the ice pellet
injection and the particle confinement in the core.32 In the
high-central-beta scenario, the rotational transform is less
than unity and the magnetic well exists in the periphery, and
the interchange type instability is not considered crucial.
However, in the middle-central-beta discharges, a collapse
phenomena is observed. The collapse is called the CDC
(central density collapse) and reduces the central beta value
by 30%–50%, but the collapse has not been observed in the
reactor relevant high-central-beta discharges.29 A candidate
of the driving mechanism is the ballooning MHD instability,
but it is still unclear.33 In the high-central-beta scenario, the
study of the MHD instability effect on the confinement is
out of the scope of the present paper, and one of our future
subjects.
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